McCall AA, Moy JD, Puterbaugh SR, DeMayo WM, Yates BJ. Responses of vestibular nucleus neurons to inputs from the hindlimb are enhanced following a bilateral labyrinthectomy.
IN ADDITION TO PROCESSING labyrinthine signals, the vestibular nuclei receive somatosensory inputs, including those from the limbs (12) . Inputs from muscle spindles in the neck are thought to play an important role in distinguishing whole body from head-on-body movements (1, 6, 21) , but the role of limb inputs to the vestibular nuclei is less clear. The effects of inputs from the limbs on vestibular nucleus neuronal activity have been mainly examined in decerebrate or anesthetized animals, in studies that utilized electrical stimulation of nerves (7, 19, 37-40, 49 -51) . These experiments showed that electrical activation of muscle or cutaneous or mixed nerves from the limb produced excitation of vestibular nucleus neurons (7, 19, 49 -51) , which was punctuated by inhibition due, in part, to input from cerebellar Purkinje cells (51) . Low-intensity stimulation of cutaneous nerves was often effective in altering vestibular nucleus neuronal activity. Although inputs from low-threshold afferents in muscle nerves (i.e., muscle spindle and Golgi tendon afferents) have been reported to affect vestibular nucleus neuronal activity, most cells only responded to stimulus intensities that additionally activated small-caliber muscle afferents (7, 19, 49 -51) .
One previous study compared the responses of vestibular nucleus neurons to limb nerve stimulation in two decerebrate cat preparations: labyrinth-intact animals, and animals that had recovered over 1 mo following a bilateral labyrinthectomy before the decerebration was performed (19) . It was demonstrated that a higher fraction of vestibular nucleus neurons responded to limb nerve stimulation in the labyrinthectomized group, and that stimulation of low-threshold muscle afferents was much more effective in modulating the activity of vestibular nucleus neurons in the animals lacking labyrinthine signals (19) . Marked recovery in postural stability and adjustments in blood pressure necessary during postural changes occur within a week following a bilateral labyrinthectomy (25) . We speculated that recovery of responses initially lost following the removal of labyrinthine inputs might be due to amplification of limb inputs to the vestibular nuclei.
Several lines of evidence support this premise. The caudal half of the vestibular nucleus complex, which receives the heaviest concentration of inputs from the spinal cord (17, 26) , mediates the responses that recover following a bilateral labyrinthectomy (25) . In contrast, spatial cognition and vestibularocular reflexes, which are mediated by the rostral aspects of the vestibular nuclei, are permanently lost following bilateral damage to the labyrinth (25) . The activity of a subset of neurons in the caudal portion of the vestibular nuclei was modulated by whole body rotations following removal of vestibular inputs, suggesting that nonlabyrinthine inputs may substitute for the lost labyrinthine signals (27, 52) . In addition, the recovery of compensatory adjustments in blood pressure during postural alterations was blunted more in animals with lesions placed in the caudal vestibular nuclei than in animals with bilateral labyrinthectomy, suggesting that the vestibular nuclei participate in the functional recovery of the responses (29) .
A limitation in the hypothesis that limb inputs to the vestibular nuclei participate in recovery of function following peripheral vestibular lesions is that the premise is based mainly on work in decerebrate or chloralose-anesthetized cats. Responses of brain stem neurons to sensory inputs can be amplified in such preparations, which could, therefore, lead to false positive conclusions. For example, the sensitivity to vestibular inputs of neurons in the region of the rostral ventrolateral medullary reticular formation that regulates blood pressure is far greater in decerebrate than conscious animals (10) . Furthermore, decerebrate rigidity results from exaggerated responses to somatosensory inputs (44) . The goal of the present study was to determine the fraction of vestib-ular nucleus neurons that respond to inputs from hindlimb nerves in conscious animals, and whether this fraction changes acutely or chronically following a bilateral labyrinthectomy. We tested the hypothesis that limb nerve inputs to the vestibular nuclei are amplified during the period when functional recovery of balance stability and posturally related autonomic responses occurs, approximately 1 wk after a bilateral labyrinthectomy.
METHODS
All experimental procedures conformed to the American Physiological Society's "Guiding Principles for the Care and Use of Animals," as well as the National Research Council Guide for the Care and Use of Laboratory Animals, and were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee. Data were collected from four purpose-bred adult female cats obtained from Liberty Research (Waverly, NY). Since the procedures employed in this study were similar to those discussed in recent papers (5, 10, 24, 27, 28) , they are presented in abbreviated fashion below.
Surgical procedures. Animals were acclimated for restraint and instrumented for single-unit recordings from the medulla, as described in previous papers (5, 10, 24, 27, 28) . Animals were initially anesthetized using an intramuscular injection of ketamine (20 mg/kg) and acepromazine (0.2 mg/kg) and intubated, and then anesthesia was maintained using 1-2% isoflurane vaporized in O 2, so that limb withdrawal reflexes were absent and heart rate was stable. Intravenous saline was provided to replace lost fluid volume, and a heating pad and heat lamp were used to maintain core temperature. A 1-cm craniotomy was made at the posterior aspect of the skull, and a David Kopf (David Kopf Instruments, Tujunga, CA) recording chamber was positioned in accordance with stereotaxic coordinates and attached to the skull adjacent to the craniotomy using Palacos bone cement (Zimmer, Warsaw, IN). The chamber was positioned to provide access to the caudal aspect of the vestibular nuclei. In addition, a fixation plate was attached to the skull and subsequently used for restraint of the head.
Platinum foil electrodes embedded in a silicone cuff (14, 33) were attached to the common peroneal and tibial nerves in both hindlimbs, and the Teflon-insulated stainless steel wire leads (Cooner Wire, Chatsworth, CA) were routed subcutaneously and soldered to a connector mounted on the skull. A small laminectomy was performed to expose a segment of the lower lumbar spinal cord, and a pair of silver ball electrodes was sutured in place, such that the tips abutted the cord dorsum to record field potentials elicited by nerve stimulation (53) . In addition, electromyographic (EMG) activity was recorded bilaterally from the gastrocnemius muscles using pairs of Cooner wire, which were stripped of insulation for ϳ5 mm and sutured to the muscle epimysium, together with an insulating patch of Silastic sheeting. The leads from the cord dorsum and EMG electrodes were routed subcutaneously and attached to a head-mounted connector. After surgery, animals received antibiotics (amoxicillin, two 50-mg oral doses/day) for 10 days. For 72 h after the surgery, analgesia was provided through transdermal delivery of fentanyl (25 g/h; Janssen Pharmaceutical Products, Titusville, NJ).
After initial recordings were performed from vestibular nucleus neurons, a second surgery was conducted. During this procedure, animals were anesthetized and physiologically maintained as described above. The tympanic bulla on each side of the skull was opened using a ventrolateral approach to expose the cochlea. A drill was used to perform a labyrinthectomy centered posterolateral to the basal turn of the cochlea. The labyrinthectomy provided access to the portion of the VIIIth cranial nerve within the internal auditory canal, which was transected under microscopic observation. Thus two independent lesions affecting the vestibular system were made on both sides to ensure that vestibular inputs were eliminated. In no case did nystagmus or a tonic deviation in eye position occur after the surgery, suggesting that the peripheral lesions were complete. Antibiotics were administered for 10 days following the second surgery; in addition, 3 mg/kg of ketoprofen were injected intramuscularly every 12 h for 3 days to provide analgesia.
Recording procedures. Animals were acclimated for head and body restraint for several weeks until they remained sedentary without vocalization for a period of 2 h. The head was tilted downward by 30°t o vertically align the vertical semicircular canals. At least once per week, the minimal current strength for activating fibers in the common peroneal and tibial nerves was estimated by recording spinal cord field potentials and gastrocnemius muscle EMG activity elicited by a single 0.3-ms square-wave current pulse delivered at a variety of intensities to each nerve. Field potentials and EMG activity were amplified by a factor of 10 3 or 10 4 , filtered with a band pass of 10 -10 4 Hz, and sampled at 10 3 Hz using a Micro1401 mk 2 data collection system and Spike2 version 6 software (Cambridge Electronic Design, Cambridge, UK).
To perform recordings from vestibular nucleus neurons, an x-y positioner (608-B, David Kopf) was attached to the recording chamber and used to maneuver a 5-M⍀ epoxy-insulated tungsten microelectrode (Frederick Haer, Bowdoin, ME), which was inserted through a 25-gauge guide tube into the cerebellum and lowered into the medulla using a hydraulic microdrive (model 650, David Kopf). Use of this system allowed electrodes to be positioned reproducibly from day to day. Neuronal activity recorded using the microelectrode was amplified by a factor of 10 4 , filtered with a band pass of 300 -10,000 Hz, and sampled at 25,000 Hz.
When a spontaneously active vestibular nucleus neuron was isolated, the "wobble" stimulus, a fixed-amplitude tilt, the direction of which moves around the animal at constant speed (43) , was used to determine whether the unit responded to stimulation of the vestibular end organs. Wobble stimuli were routinely delivered at a frequency of 0.5 Hz and amplitude of 5°. The response vector orientation, or the plane of tilt that elicited the greatest change in a neuron's firing rate, was calculated from responses to clockwise (CW) and counterclockwise (CCW) wobble stimulation (43) . Subsequently, rotations were delivered in the roll (longitudinal) and pitch (transverse) axes at 0.5 Hz, and the relative gains of responses to the two planes of tilts were used to confirm the response vector orientation. The response vector orientations were designated using a head-centered coordinate system, with 0°corresponding to ipsilateral ear-down roll tilt, 90°to nosedown pitch, 180°to contralateral ear-down roll, and Ϫ90°to nose-up (NU) pitch. Tilts were then delivered at or near the plane of the response vector orientation at 0.1-1 Hz to determine response dynamics.
After a neuron's responses to vertical vestibular stimulation were recorded, we tested whether the cell's firing rate was altered by single shocks delivered to the ipsilateral and contralateral tibial and common peroneal nerves. Typically, each nerve was stimulated using a current intensity 10 times greater than required to elicit responses recordable from muscle or the cord dorsum. In some cases, we also examined whether neurons responded to a five-shock train of stimuli with an interpulse interval of 3 ms at an intensity five times threshold for eliciting spinal or muscle responses. If a neuron responded to stimulation of a nerve, we systematically lowered the stimulus intensity to determine the minimal current required to elicit a change in activity. However, in some cases, the stimulus artifacts were so large that they obscured EMG activity and spinal cord field potentials, such that the threshold current intensity could not be established for a nerve. In such instances, we delivered a single pulse to each nerve at 1-mA intensity and/or a train of five pulses at 500-A intensity to determine whether a cell's activity was altered by the inputs.
After establishing the effect of hindlimb nerve stimulation on the activity of vestibular nucleus neurons, a bilateral labyrinthectomy was performed as described above. Recordings commenced again the day following the removal of labyrinthine inputs and continued for up to 1 mo. The postlabyrinthectomy recordings focused on the region of the brain stem where we previously observed clusters of neurons that responded to whole body tilts.
Data analysis procedures.
All trials were subjected to analysis using the spike detection and sorting feature of the Spike2 software to confirm that individual units were parsed separately. Neural activity recorded during rotations was binned (500 bins/cycle) and averaged over the sinusoidal stimulus period. A least squares minimization procedure (43) conducted using MATLAB (MathWorks, Natick, MA) software fit a sine wave to responses to rotations, and the amplitude of the sine wave (response gain) and phase shift of the sine wave from the stimulus (response phase) were calculated (43) . Responses were deemed to be significant if the signal-to-noise ratio exceeded 0.5, and there were no prominent components other than the first harmonic.
Poststimulus histograms were generated from neural activity recorded during electrical stimulation of nerves; ϳ50 sweeps were averaged to generate each histogram. Quantitative criteria were used to determine whether a response to nerve stimulation was present, as illustrated in Fig. 1A . Poststimulus histograms were first inspected to segregate runs where there was evidence of a response (sustained change in activity continuing for Ն6 ms). We then determined the average bin counts during the response and compared these bin counts to those during the 10-ms period before the stimuli. For an excitatory response to be considered "significant", the average bin counts during the response had to be at least 1 SD greater than the average bin counts during the baseline period, and the peak response had to be at least 3 SDs larger than mean baseline activity. It was not possible to apply these standards to inhibitory components of responses, due to a "floor effect" (mean baseline activity minus 1 SD was often Ͻ 0). However, since excitatory components were present in virtually every response, the vast majority of trials were subjected to this statistical scrutiny. Once a response was identified, we determined the response latency of the excitatory and inhibitory components, which was defined as the point when a sustained change in firing rate relative to baseline activity was initiated.
Data were tabulated, and statistical analyses were performed, using Prism 6 software (GraphPad Software, San Diego, CA). Pooled data are represented as means Ϯ 1 SE.
Histological procedures. Following recordings in each animal, two to three lesions were created in the brain stem by passing a 100-to 150-A current through a 0.5-M⍀ electrode for 60 s. Following a survival period of several days, animals were anesthetized using pentobarbital sodium and transcardially perfused with 10% formalin, as described in previous papers (5, 10, 24, 27, 28) . The brain stem was cut transversely at 50-m thickness using a freezing microtome, and tissue sections were stained using thionine. Recording sites were reconstructed on photomontages of sections with reference to the locations of electrolytic lesions, the relative positions of electrode tracks, and microelectrode depths.
RESULTS
We tested the effects of hindlimb nerve stimulation on the activity of 73 vestibular nucleus neurons before bilateral labyrinthectomies. To ensure that recordings were limited to the vestibular nuclei, we targeted neurons that responded robustly to rotations of the animal in vertical planes. However, 14 of these units were located more rostrally than the others and were shown through histological reconstructions to be positioned in the lateral Method to determine whether responses to nerve stimulation were present. A: poststimulus histograms were first inspected to determine which responses putatively contained excitatory (E) and/or inhibitory (I) components, where activity deviated from that during the baseline period 10 ms before nerve stimulation was provided. In this example, E and I responses, as well as baseline activity, are designated on a poststimulus histogram generated from data collected 15 days following the bilateral labyrinthectomy. A vertical dashed line indicates when the stimulus was delivered; data from 61 sequential stimulus presentations are represented in the trace. The average number of events per bin during the E and I responses were determined and compared with the average number of events per bin during the baseline period. In this example, the average number of events per bin in the E, I, and baseline periods were, respectively, 5.3, 0.1, and 0.6. The SD of bin counts during the baseline period was calculated to be 0.8. The maximal bin count during the E period was 16, and the minimal bin count during the I period was 0. Two criteria were used to designate a significant E response: an average response bin count over 1 SD larger that the average bin count during the baseline period, and a peak response over 3 SDs larger than the average bin count during the baseline period. In this case, the average bin count during the baseline period (0.6) plus 1 SD (0.8) was 1.4 counts/bin. Thus the average activity during the E period (5.3 counts/bin) was over 1 SD larger than the average baseline activity, and the peak response (16 events/bin) was over 3 SDs larger than average baseline activity. Hence, the response was deemed to be significant. Although the I response is evident in the trace, we could not use the same criteria to demonstrate that it was significant, since mean baseline activity (0.6) minusvestibular nucleus. None of the rostrally located units responded to hindlimb nerve stimulation, and no units in the lateral vestibular nucleus were tested for hindlimb inputs following the bilateral labyrinthectomy. Consequently, data collected from the lateral vestibular nucleus neurons were omitted during the analysis of findings.
Responses to hindlimb nerve stimulation were recorded from an additional 104 vestibular nucleus neurons subsequent to a bilateral labyrinthectomy. Since we could not rely on responses to rotations to localize the vestibular nuclei after the elimination of labyrinthine inputs, we sampled units in the locations where recordings were performed before lesions. The recording sites are shown in Fig. 2 and were located in the inferior vestibular nucleus and adjacent portions of the medial vestibular nucleus.
Responses of units to vertical vestibular stimulation. Examples of responses of a vestibular nucleus neuron to body rotations in vertical planes are shown in Fig. 3. Figure 3 , A and B, show responses of the neuron to CW and CCW wobble stimulation. By considering both responses (43), we determined that the response vector orientation was six degrees from NU pitch (Ϫ96°). Consequently, roll tilts ( Fig. 3C ) produced little modulation of the neuron's activity, while pitch tilts (Fig. 3, D-F) elicited robust responses. The response gain increased by a factor of 14 as the stimulus frequency advanced from 0.1 (Fig. 3D ) to 1 Hz (Fig. 3F) , while the response phase was ϳ90°advanced from stimulus position at all stimulus frequencies.
The characteristics of responses to rotations in vertical planes of vestibular nucleus neurons considered in this study are indicated in Fig. 4 . As in recent studies (24, 31), we divided neurons into two categories: "flat gain" neurons whose response gains increased less than fivefold per stimulus decade (typically 0.1-1.0 Hz), and "advancing gain neurons" whose response gains increased more than fivefold per stimulus decade. Response dynamics were not ascertained for four of the vestibular nucleus neurons. These units were classified as spatiotemporal convergence neurons, as the gains of their responses to CW and CCW wobble stimuli differed by greater than a 2:1 ratio (median of 2.4) (42). Such a response pattern has been attributed to the convergence of inputs with different spatial and temporal properties (for instance, the convergence of inputs from semicircular canal afferents activated by roll rotations and otolith organ afferents activated by pitch rotations) (4, 42, 43) .
The majority of the units (44/55, 80%) for which Bode plots were constructed (Fig. 4, C and D) were classified as advancing gain neurons. The response gains of these cells increased an average of 12.0 Ϯ 1.5 times per stimulus decade, and their response phases were typically ϳ90°advanced from stimulus position (i.e., near stimulus velocity) across the range of frequencies tested (Fig. 4D) . Only 11/55 units (20%) were classified as flat gain neurons, whose response gains increased an average of 3.5 Ϯ 0.6 times per stimulus decade (Fig. 4C) . One-half of the flat gain neurons had response phases either that were near stimulus position or that lagged stimulus position across the range of stimulus frequencies tested. The other one-half of this category of vestibular nucleus neurons had response phases near stimulus velocity at all frequencies (Fig.  4C ). These response dynamics are similar to those previously described for neurons located in the caudal portion of the vestibular nucleus complex of conscious cats (27) . The response vector orientations for flat gain and advancing gain neurons are indicated in Fig. 4, A and B , respectively. Most (7/11) of the flat gain cells had response vector orientations closer to the roll plane than the pitch plane. In contrast, less than one-half of the advancing gain cells (20/44) had response vector orientations closer to the roll plane than the pitch plane, while 12 of these units had response vector orientations within 10°of the plane of one of the vertical semicircular canals. Most of the cells of both categories that responded better to pitch than to roll rotations (20/28, 71%) were excited by NU pitch, and 16/27 (59%) of the cells that were preferentially activated by roll tilt were excited by contralateral ear-down rotations.
Responses of units to hindlimb nerve stimulation before a bilateral labyrinthectomy. Out of the 59 neurons tested for hindlimb nerve inputs before a bilateral labyrinthectomy, 24 (41%) responded to stimulation of one or more nerves. Of these cells, 8 responded to stimulation of 1 nerve, the firing rate of 14 was affected by stimulation of 2 nerves, 1 received inputs from 3 nerves, and 1 responded to activation of all 4 nerves implanted with stimulating electrodes. In cases where stimulation of only one nerve elicited responses, the tibial nerve was effective for one-half of the neurons, and the common peroneal nerve elicited responses in the other one-half. Stimulation on the ipsilateral side was effective for two cells, and contralateral stimulation was successful for six neurons. In most cases (13/14) where stimulation of two nerves produced responses, both the tibial and common peroneal nerves were effective, with stimulation of the contralateral nerves evoking responses two-thirds of the time.
A nearly equal fraction of advancing gain (18/44, 41%) and flat gain (5/11, 45%) neurons responded to hindlimb nerve stimulation. In addition, one spatiotemporal convergence unit received hindlimb inputs. Consequently, it appears that hindlimb inputs are targeted to vestibular nucleus neurons, regardless of their responses during whole body movements that activate labyrinthine receptors.
Of the 43 responses to stimulation of individual nerves recorded for the 24 neurons that received hindlimb inputs before bilateral labyrinthectomies, 30 were excitatory, 11 were composed of excitation then inhibition, typically followed by late excitatory components, and two included inhibition followed by excitation. The responses of a vestibular nucleus neuron to stimulation of three hindlimb nerves are shown in Fig. 5 , bottom. Spinal cord field potentials elicited by the same stimulus intensities (10 times threshold for eliciting the field potentials, 250 A) are illustrated in Fig. 5 , top. The neuron's responses to stimulation of the right (contralateral) common peroneal and tibial nerves included excitation, followed by inhibition, while the unit was inhibited by stimulation of the ipsilateral tibial nerve. The minimal stimulus intensities that elicited changes in neuronal activity were 10 times the threshold for producing spinal cord field potentials for the contralateral common peroneal nerve, and four times the spinal cord field potential threshold for the ipsilateral and contralateral tibial nerves. In no case were neuronal responses observed when stimuli were delivered that were less than three times the threshold for eliciting spinal cord field potentials.
The latencies of the responses of vestibular nucleus neurons to hindlimb nerve stimulation are shown in Fig. 6 . These values represent the shortest response latency of a neuron to stimulation of any nerve. Solid and open symbols, respectively, indicate the latencies of responses that were exclusively excitatory or that were composed of a combination of excitation and inhibition. Response latencies were defined as the time between the stimulus and the point when a sustained change in firing rate relative to baseline activity was initiated. To illustrate, the response latencies to hindlimb nerve stimulation are shown in Fig. 5 , designated by red dashed lines. The response latencies before elimination of labyrinthine inputs ranged from 9 to 49 ms; the median was 21 ms. There was no indication that responses that included inhibition occurred at different latencies than those that were exclusively excitatory. There was also no evidence that latencies differed based on whether a response was elicited from the ipsilateral or contralateral side, or by stimulation of the tibial or common peroneal nerve.
To quantify the overall magnitude of responses, we compared the average bin counts (1 ms/bin) of responses observed in poststimulus histograms, relative to average bin counts in baseline activity, as indicated in Fig. 1A . We considered all early components of the responses, both excitatory and inhibitory, and when both were present we averaged the percent changes from baseline activity. Figure 1B responses, the magnitudes of each of the responses is included in Fig. 1B (such that the number of data points indicated is greater than the number of neurons whose activity was recorded).
Responses of units to hindlimb nerve stimulation following a bilateral labyrinthectomy. Since recovery of balance and compensatory autonomic responses during postural changes occurs approximately 1 wk following a bilateral labyrinthectomy (25), we compared neuronal responses to hindlimb nerve stimulation during the first week after elimination of vestibular signals and at subsequent times. In the first week after removal of labyrinthine inputs, the responses of 55 neurons were recorded to stimulation of the ipsilateral and contralateral tibial and common peroneal nerves. Out of this sample, 24 units (44%) responded to stimulation of a single nerve, usually the contralateral common peroneal nerve (21/24 responses). Most of these responses (16) were excitatory, three were composed of excitation followed by inhibition, two were inhibitory, and another three included inhibition followed by excitation. The latencies of the responses are shown in the middle column of Fig. 6 . The values ranged from 11 to 54 ms; the median was 22 ms. The magnitudes of the responses to hindlimb stimulation collected in the first week after the bilateral labyrinthectomy are indicated in the middle column of Fig. 1B .
During the subsequent 3 wk, we recorded the responses of 49 neurons to stimulation of hindlimb nerves. Out of this sample, the firing rate of 30 units (61%) was affected by hindlimb inputs. These units received inputs from only one nerve, with the contralateral common peroneal being the most effective (21/30 cells). The firing rates of the other cells were modulated by stimulation of the ipsilateral common peroneal (n ϭ 8) and ipsilateral tibial (n ϭ 1) nerves. A 2 test showed that the activity of a larger fraction of units was affected by stimulation of a common peroneal nerve following vestibular lesions than when the labyrinths were intact (P Ͻ 0.01). Most of the responses were excitatory (23/30), or were composed of excitation followed by inhibition (n ϭ 2). However, one response was inhibitory, and four others included inhibition followed by excitation.
The response latencies are indicated in the right column of Fig. 6 , and ranged from 12 to 72 ms (median of 20 ms). Consequently, the response latencies were nearly identical for the three time periods relative to bilateral labyrinthectomies indicated in Fig. 6 . A one-way ANOVA analysis, combined with the Kruskal-Wallis test, provided no indication that the values differed (P ϭ 0.82). Figure 1B compares the magnitudes of the postlesion responses to those recorded before the bilateral labyrinthectomy. The magnitudes were similar during the three time periods considered relative to the bilateral labyrinthectomy. The median values were 467% of baseline activity during the prelesion period, 625% of baseline activity during the first week after lesions, and 460% of baseline activity during the subsequent 3-wk period. A one-way ANOVA analysis combined with the Kruskal-Wallis test provided no indication that the values differed (P ϭ 0.14). Figure 7 illustrates the fraction of vestibular nucleus neurons that responded to stimulation of at least one hindlimb nerve over time relative to the bilateral labyrinthectomy. In labyrinthintact animals, 24/59 units (41%) responded to hindlimb nerve stimulation. The proportion increased slightly (to 24/55 or 44% of units) during the first week after removal of vestibular inputs. However, during the subsequent postlabyrinthectomy survival period, 30/49 neurons (61%) responded to stimulation of a hindlimb nerve. A 2 test confirmed that the proportion of neurons that responded to nerve stimulation increased significantly after the first week following a bilateral labyrinthectomy (P ϭ 0.037).
In all cases following a bilateral labyrinthectomy, as in labyrinth-intact cats, hindlimb nerve stimulation at intensities greater than three times the threshold for producing spinal cord field potentials or EMG activity were required to produce neuronal responses. Consequently, it is unlikely that inputs from the largest hindlimb afferents (muscle spindle afferents and Golgi tendon organs) were solely responsible for producing the changes in activity of vestibular nucleus neurons.
DISCUSSION
A previous study in decerebrate cats reported that a bilateral labyrinthectomy resulted in an increase in the fraction of vestibular nucleus neurons that responded to stimulation of limb nerves (19) . The present experiments provided similar observations in conscious animals, particularly after a 1-wk period of compensation following bilateral damage to the inner ear. Since improvement of balance stability (16, 46) and posturally related autonomic responses (18) occurs over the same time period, these findings support the hypothesis that augmentation of nonlabyrinthine inputs to the vestibular nuclei participates in the recovery of function following bilateral damage to the inner ear (25) . This hypothesis is also supported by recent experiments conducted in nonhuman primates showing that extravestibular inputs, including those from neck proprioceptors, substitute for lost vestibular inputs to stabilize gaze at the level of single neurons in the vestibuloocular reflex premotor circuitry (41) .
In conscious animals, as in decerebrate and anesthetized cats (7, 19, 35) , the median response latency for vestibular nucleus neurons to hindlimb nerve stimulation was ϳ20 ms, with some cells responding to nerve stimulation following a latency as short as 10 -15 ms. These observations support previous anatomical studies demonstrating that, although sparse direct projections convey signals from the gray matter of the lumbar spinal cord to the vestibular nuclei, most hindlimb inputs reach vestibular nucleus neurons through multisynaptic pathways (17, 26) . The effects of hindlimb nerve stimulation on vestibular nucleus neuronal activity observed in this study were primarily excitatory, as reported in experiments on decerebrate and anesthetized animals (7, 19, 35) .
However, some aspects of responses to hindlimb nerve stimulation differed between decerebrate and conscious preparations. In decerebrate cats, the fraction of neurons that responded to low-threshold stimulation of muscle afferents (Ͻ2 T for producing a spinal cord field potential) increased from 16% to 63% following a bilateral labyrinthectomy (19) . In contrast, stimulus intensities under three times threshold for eliciting EMG responses or spinal cord field potentials never affected the firing rate of vestibular nucleus neurons in conscious animals. These findings suggest that, while inputs from the largest muscle afferent fibers (i.e., afferents innervating muscle spindle afferents and Golgi tendon organs) affect vestibular nucleus neuronal activity in decerebrate animals, these afferent inputs are suppressed in conscious animals. However, in the conscious state, signals to the vestibular nuclei from smaller diameter hindlimb afferents are selectively amplified following a bilateral labyrinthectomy, such that a higher fraction of vestibular nucleus neurons respond to stimulation of these fibers. Joint afferents in the cat appear to be mostly type III and smaller type II fibers (15) . At least one report has suggested that joint afferents could play a key role in conveying information about limb position to vestibulospinal neurons and modify vestibulospinal responses in accordance with the step cycle (11) . Consequently, it is feasible that joint afferent inputs to the vestibular nuclei were selectively amplified following damage to the inner ears. This notion is supported by the observation that, after the lesions, stimulation of the common peroneal nerve was much more effective than stimulation of the tibial nerve in eliciting responses. The two nerves differ considerably in their afferent composition; the fraction of joint and cutaneous afferents in the common peroneal nerve is much higher than in the tibial nerve (8) .
The mechanism responsible for the increased efficacy of hindlimb inputs in eliciting changes in vestibular nucleus neuronal activity following damage to the inner ear remains to be discerned. Since the medial cerebellar cortex and fastigial nucleus receive somatosensory and proprioceptive inputs (2, 3, 30) , it is tempting to speculate that cerebellum mediates the plasticity within the vestibular nuclei that enhances responsiveness to hindlimb afferent stimulation. Additional experiments will be necessary to test this hypothesis. The latency of responses to hindlimb nerve stimulation remained constant following the bilateral labyrinthectomy, suggesting that both direct and indirect pathways became more effective in conveying hindlimb inputs to vestibular nucleus neurons. Consequently, it is feasible that plastic changes occur within the vestibular nuclei after labyrinthine damage that facilitates the transmission of signals from a variety of sources to vestibular nucleus neurons. One possibility is that the efficacy of synaptic transmission within the vestibular nuclei is enhanced as a result of the plastic changes, such that previously subthreshold excitatory inputs become effective in altering the firing rate of vestibular nucleus neurons. Such plasticity could also explain why vestibular nucleus neurons quickly regain spontaneous activity follow the loss of inputs from the inner ear (27, 36) . Another possibility is that the return of spontaneous activity to the vestibular nuclei after a bilateral labyrinthectomy is due to an increase in intrinsic excitability (32) , which may subsequently alter responsiveness of neurons in the vestibular nuclei to hindlimb inputs.
It is also feasible that somatosensory influences on vestibular nucleus neurons are suppressed in conscious animals, but the response suppression wanes for some inputs after bilateral damage to the inner ear, resulting in a higher fraction of neurons with responses to hindlimb nerve stimulation. It seems likely that decerebration and use of anesthesia also diminishes the response suppression, since a higher fraction of neurons has been reported to respond to stimulation of hindlimb nerves in anesthetized and decerebrate cats than observed in this study (19, 37-40, 49 -51) . For example, one paper reported that 57% of vestibular nucleus neurons in labyrinth-intact decerebrate animals responded to hindlimb nerve stimulation (19) , as opposed to 41% noted in the present experiments. As discussed above, moderately high current intensities were required to elicit neuronal responses in this study, whereas stimulation of large-diameter muscle afferents alters vestibular nucleus neuronal activity in decerebrate cats (19) . Consequently, the suppression of somatosensory inputs to the vestibular nuclei may be targeted to pathways conveying signals from the largest diameter muscle afferents. Previous studies have shown that inputs from muscle afferents to the vestibular nuclei can be selectively suppressed under some conditions. For example, Cullen and colleagues (9) showed that the responses of vestibular nucleus neurons to neck rotation, which are thought to be due to activation of neck muscle spindle afferents (22) , vary tremendously in magnitude, depending on whether the neck movement is active or passive.
Curiously, none of the small number of neurons sampled in the lateral vestibular nucleus in this study responded to hindlimb nerve stimulation, whereas experiments in anesthetized and decerebrate animals reported that a substantial fraction of neurons in this nucleus receives hindlimb inputs (19, 49 -51) . This observation suggests that suppression of somatosensory inputs may be particularly strong in some areas of the vestibular nucleus complex.
Several caveats must be considered when interpreting the present results. Before a bilateral labyrinthectomy, we targeted neurons that responded robustly to whole body rotations to confirm that they were located in the vestibular nuclei. After lesions, we targeted all spontaneously active neurons in the same areas examined before the labyrinthectomies. Consequently, we cannot be sure whether the pre-and postlabyrinthectomy samples were identical. However, units with a variety of responses to vestibular inputs were activated by hindlimb nerve stimulation in labyrinth-intact animals, suggesting that hindlimb signals are distributed to all populations of vestibular nucleus neurons, which minimizes concerns about sampling bias. Another potential caveat is that the efficacy of nerve stimulation could have changed over time. However, the most likely possibility is that nerve stimulation gradually became less effective, due to damage to the nerve by repeated current application and accumulation of scar tissue between the electrode and nerve. As such, we may have underestimated the increase in the proportion of vestibular nucleus neurons that responded to nerve stimulation after the elimination of labyrinthine inputs. At the very least, it seems unlikely that the observed postlesion increase in the number of vestibular nucleus neurons that responded to nerve stimulation represents a false positive outcome.
Perspectives. The main finding of this study is that electrical stimulation of hindlimb nerves is highly effective in activating vestibular nucleus neurons following a bilateral labyrinthectomy. Devices that monitor body position in space and provide somatosensory cues that indicate body movement have been used to improve balance stability in patients lacking labyrinthine inputs. For example, a vibrotactile somatosensory feedback system attached to the torso has been shown to decrease the risk of falls in patients with bilateral vestibular loss (23, 34, 47, 48) . However, individuals do not ordinarily use cutaneous inputs from the trunk for spatial orientation, such that deciphering body position in space from vibrotactile stimuli likely requires cognitive processing, and thus is not automatic. In contrast, proprioceptive information from the hindlimbs is ordinarily employed to achieve balance stability (13, 20, 45) , raising the prospect that artificial stimulation of hindlimb receptors could serve as a highly effective prosthesis to replace vestibular signals. It remains to be determined whether vibrotactile stimulation of the leg skin is more effective than application of the same stimuli to the torso. It also may be possible to stimulate muscle, cutaneous, or joint afferents through implanted electrodes to mimic or enhance the somatosensory inputs that indicate balance instability. Further research will be needed to determine how stimulation of hindlimb afferents should be delivered to most effectively signal perturbations in balance, and whether a prosthesis that utilizes hindlimb afferent stimulation is more beneficial than currently available treatments to improve postural stability. 
